Genetic engineering in livestock has been greatly enhanced through the use of artificial programmed nucleases such as the recently emerged clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9) system. We recently reported our successful application of the CRISPR/Cas9 system to engineer the goat genome through micro-injection of Cas9 mRNA and sgRNAs targeting MSTN and FGF5 in goat embryos. The phenotypes induced by edited loss-of-function mutations of MSTN remain to be evaluated extensively. We demonstrate the utility of this approach by disrupting MSTN, resulting in enhanced body weight and larger muscle fiber size in Cas9-mediated genemodified goats. The effects of genome modifications were further characterized by H&E staining, quantitative PCR, Western blotting and immunofluorescence staining. Morphological and genetic analyses indicated the occurrence of phenotypic and genotypic modifications. We further provide sufficient evidence, including breeding data, to demonstrate the transmission of the knockout alleles through the germline. By phenotypic and genotypic characterization, we demonstrated the merit of using the CRISPR/Cas9 approach for establishing genetically modified livestock with an enhanced production trait.
Introduction
The desire to modify animal genomes through interspecific hybridization, cross-breeding and selection has persisted for more than 10 000 years, since the beginning of domestication (Fahrenkrug et al. 2010) . Growing urbanization, impending climate change and global population growth have led to increased pressure on agricultural production (Tan et al. 2012) . Therefore, innovative solutions are needed to improve production traits of different agricultural animals to satisfy the multifaceted food requirements of a rapidly increasing world population. Over the last decade, site-specific nucleases, such as ZFNs (zinc finger nucleases), TALENs (transcription activator-like effector nucleases) and the recently emerged CRISPR (clustered regularly interspaced short palindromic repeats)-associated system, have enabled specific replacement, addition and/or deletion of genetic sequences in animal genomes (Hauschild et al. 2011; Carlson et al. 2013; Tan et al. 2013; Hai et al. 2014; Proudfoot et al. 2015) . Improvements in the efficiency and precision of genetic engineering in livestock species may provide a rapid solution to meeting the demands of increased productivity, resistance to disease and enhanced animal welfare.
Myostatin (MSTN) or growth and differentiation factor 8 (GDF8) is a member of the transforming growth factor-b superfamily that negatively regulates muscle differentiation and growth Thomas et al. 2000) . Natural mutations in MSTN exist in the double muscling cattle breeds Belgian Blue and Piedmontese (Grobet et al. 1997) as well as the Texel breed in sheep (Clop et al. 2006) , resulting in 20% enhanced muscle mass in these breeds (Grobet et al. 1997) . Mutations in MSTN and MSTN knockouts proved that the inhibition of MSTN expression causes muscular hypertrophy in sheep (Clop et al. 2006) , cattle (Kambadur et al. 1997; , dogs (Mosher et al. 2007 ) and goats (Jain et al. 2010; Zhang et al. 2011) , indicating that MSTN is a supreme target gene for conducting genome editing in livestock species. Indeed, MSTN-knockout animals were successfully generated via ZFNs (Luo et al. 2014) , TALENs (Proudfoot et al. 2015) or CRISPR/Cas9-mediated gene modification (Ni et al. 2014; Crispo et al. 2015; Wang et al. 2015a,b; Zou et al. 2015; Guo et al. 2016) . Following our success in generating MSTN-disrupted goats using the CRISPR/Cas9 system (Wang et al. 2015b) , we now evaluated the effects of genome modifications at the phenotypical, morphological and genetic levels and provide sufficient evidence for the merit of using CRISPR/Cas9 to produce genetically modified livestock with desirable and heritable phenotypic traits.
Materials and methods

Ethical statement for animal welfare
Animals used in the present study were generated previously, as reported by Wang et al. (2015b) , and the genotypes of 10 MSTN-disrupted goats (seven males and three females) are summarized in Table 1 . Gene-modified together with wild-type (WT; animals determined as unedited on the genome) goats were regularly maintained at the Goat Farm of Yulin University. All protocols involving the use of animals were in accordance with approved guidelines of the Animal Care and Use Committee of Northwest A&F University (Approval ID: 2011ZX08008-002). All animals used in this study were handled with good clinical practices, and all efforts were made to minimize animal suffering.
Phenotypic data
The gene-edited and WTs animals were raised and managed under the same conditions and fed the same diet throughout the study period. The diet was adjusted with respect to growth stages after weaning from day (D) 75 to D360. The body weight (BW) of all tested animals was recorded on D0 and every 30 days until D360. Jugular venous blood samples were collected from six randomly selected MSTNdisrupted (three male and three female) and six randomly selected control (three male and three female) animals at D120 for blood chemistry analyses.
H&E staining
A muscle tissue sample was biopsied from the hips of the MSTN-disrupted and WT goats at D120. Tissue biopsies were immediately fixed with 4% paraformaldehyde at 4°C overnight, then embedded in paraffin in accordance with standard laboratory procedures. After cutting the samples into 2-lm slices, they were stained with hematoxylin-eosin (H&E). Tissue sections were de-waxed, rehydrated and stained using standard immunohistochemistry protocols.
Transmission electron microscopy analyses
For transmission electron microscopy (TEM) analysis, biopsied muscle samples were prepared as previously described (Ge et al. 2014) . Briefly, the muscle sections were post-fixed with 1% (w/v) glutaraldehyde in 0.1 M PB (pH 7.4) for 10 min, then washed in distilled water. After enhancement with an HQ Silver Kit (Nanoprobes), the sections were incubated at room temperature with 1:50-diluted Elite ABC Kit (Vector) in 0.05 M TBS for 6 h, then further incubated at room temperature with 0.05 M Tris-HCl (pH 7.6) containing 0.02% (w/v) 3, 30-diaminobenzidine tetrahydrochloride (DAB) and 0.003% (v/v) H 2 O 2 for 20 min. Subsequently, the sections were placed in 0.1 M PB (pH 7.4) containing 1% 
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(w/v) O s O 4 for 1 h and then counterstained with 1% (w/v) uranyl acetate in 70% ethanol for 1 h. Following dehydration, the sections were mounted on silicon-coated glass slides and embedded flat in epoxy resin (Durcupan). Once the resin polymerized, small pieces of tissues were cut from the flat-embedded sections, and selected tissue pieces were cut into 60-nm-thick sections using an ultramicrotome (Reichert-Nissei Ultracut S). Sections were examined with a JEM-1230 electron microscope (JEOL) and captured by a Gatan 832 CCD (Gantan).
Quantitative RT-PCR analysis
Total RNA was extracted from biopsied muscle tissues of three mutant goats with exon 2 partially disrupted and three WT goats using the TRIzol (Takara) method. The extracted total RNA was then treated with RNase-free DNase I (Takara) following the manufacturer's protocols. The resulting RNA was reverse transcribed using an M-MLV Reverse Transcriptase Kit (Takara). Each qRT-PCR assay was replicated four times with three independent RNA preparations, and the expression of each sample was normalized to the endogenous control gene, GAPDH. Specific primers across the knock-out region on the second exon of MSTN are given in Table S1 . Reactions (20 ll) were performed in triplicate using a BioRad thermocycler, with three biological replicates used to determine each data point.
Western blot analysis
Protein was extracted from biopsied muscle tissues using a ProteoJET Membrane Protein Extraction Kit (Fermentas), then quantified using a Bradford assay. Equal amounts of soluble protein were separated by SDS/PAGE and transferred onto a polyvinylidene difluoride membrane (Roche). We extracted and expressed the C-terminal region of goat MSTN (GenBank Accession no. NM_001285737.1) in bacteria, then purified it by the Ni-NTA chromatographic method and used it as an antigen to immunize rabbits to obtain specific antibody. Immunoblotting was carried out using antibodies specific for MSTN (1:1000) and GAPDH (1:1000; Sigma-Aldrich). Primary antibodies were visualized using a fluorescence imager system (Sagecreation). Variations in sample loading were estimated by densitometry and corrected based on the GAPDH band intensities.
Germline transmission detection
The existence of germ cells in the testis of a founder animal (testis from #99) was examined by immunostaining with VASA, a germ cell specific marker (Kuramochi-Miyagawa et al. 2010) . Briefly, rat anti-daphnia VASA antibodies were raised against the bacterially expressed N-terminal region of the VASA protein (residues 1-332) and affinity purified for immunostaining. The sections were incubated overnight at 4°C with anti-VASA (1:200). The following day, the sections were washed with PBS three times (5 min each), then incubated for 1.5 h at room temperature with secondary antibodies. The sections were subsequently counterstained with Hoechst33342 and analyzed by a confocal laser microscopy. In addition, the testes of two founders (#9 and #70) were obtained using biopsy forceps (Olympus FB-11K) for germ cell extraction. The germ cells were then extracted and cultured, then characterized according to a previously established method (Zheng et al. 2016) . Finally, PCR products with mutations detected by a T7E1 cleavage assay were sub-cloned into T vector (Takara) as previous described (Chen et al. 2015) . Furthermore, we selected founder animal #9 to mate with a WT ewe to obtain F1 animals (data not shown). Blood samples from the F1 animal (#9_F1) were used for TA cloned sequencing.
Results
Phenotypic differences between gene-modified animals and wild types
The BW of all tested animals was recorded on D0 and every 30 days throughout the trial. The Cas9-mediated genemodified animals had a relatively normal life after birth (Fig. 1a) , and laboratory analyses of key chemistry parameters using blood samples showed that these animals remained in good health (Table 2) . Because the growth rate may differ between male and female animals in the early growth stage, we analyzed the lamb BW data in both males and females using an ANOVA test with a covariate of gender. Interestingly, the average birth weight of MSTNdisrupted goats was significantly higher than that of the WTs (P < 0.001) (Fig. 1b) . The BW of MSTN-disrupted goats from D0 to D360, including the weaning stage (D70-D90), was remarkably higher than that of the WT goats (Fig. 1b) , indicating that the edited goats have the potential to accelerate postnatal production. We further evaluated the average daily gain (ADG) for each animal from D0 to D360 and found significant differences in the MSTNdisrupted goats and WTs (Fig. 1c) . Moreover, we also measured five other body traits including body height, body length, chest circumference, chest depth and chest width of MSTN-disrupted and WT goats at D30, D60 and D90 (Table S2) , and significant changes were found in these measurements between the edited and control animals at these three time points, further indicating that MSTNdisrupted goats gained more body mass.
Cas9-mediated genome editing occurred in the muscles of founder animals
Our recent study showed that mutations were spread across multiple tissues representing all three germ layers in aborted animals (Wang et al. 2015b) . The increased ADG of the mutant goats reminded us to further evaluate the targeting efficiency of MSTN in live animals. To this end, we extensively analyzed targeted mutagenesis using muscle tissues from two edited animals (#43 and #70) through PCR amplification, T7E1 cleavage assay and Sanger sequencing. The T7E1 assay showed cleavage bands of MSTN in these two animals (Fig. 2a,b) , and targeted mutations in muscles were confirmed by sequencing analysis (Fig. 2c) . Interestingly, 2-bp and 4-bp deletions were found in the muscles of founder #43 at frequencies of 58% (10/17) and 33% (5/15) respectively, whereas in founder #70, a 4-bp deletion was identified in all six clones (100%, 6/6) ( Fig. 2c) , highlighting that Cas9-mediated gene disruption occurred in an efficient manner in goat muscles.
Morphological analyses of goat muscles induced by CRISPR/Cas9
We conducted H&E staining using muscle tissues from the corresponding Cas9-mediated gene-modified and WT goats to analyze the effects of genetic modifications on the development of muscles in gene-disrupted goats. Remarkably, the width of muscle fibers of MSTN-disrupted goats #43 (female) and #70 (male) was larger than that of WTs (Fig. 3a) , which may have induced hypertrophy in goat muscles. In addition, H&E staining revealed more myofiber animals from D0 to D360. *P < 0.05, **P < 0.01, **P < 0.001, ANOVA test.
Blood chemistry parameters
Cas9-mediated (n = 6; mean) Control (n = 6; mean) nuclei in the muscle of MSTN-disrupted goats than in the WT group (Fig. 3a) , which suggests that more myofibers existed in the mutant group. TEM was conducted to assess the morphological changes in the myofibers of goat muscles under high resolution. TEM analyses confirmed that the diameter of myofibers in the founders (#43 and #70) was larger than that in the control animals ( Fig. 3b ). When combined with the BW dataset, we assume that the enlarged size of MSTN-deficient muscle fibers is attributable to an increased BW in MSTNdisrupted animals.
Functional expression of MSTN in mutant animals and wild types
To further evaluate the MSTN knockouts in gene-modified goats, quantitative PCR was conducted using cDNA from muscles of gene-modified (n = 3) and WT (n = 3) goats. Specific primers spanning the target sites of sgRNAs were designed. The expression of MSTN mRNA in the genedisrupted goats was significantly lower than that in the WT animals (P = 0.031) (Fig. 3c) . Western blotting was subsequently conducted to confirm the lack of protein expression in the gene-disrupted animals. Western blotting using muscle protein from MSTN-knockout goats confirmed the disruption of MSTN at the protein level (Fig. 3d) .
Germline transmission detection
The inheritance of the genetic modifications introduced by sgRNA:Cas9 is critical for expanding the population by crossbreeding. The T7E1 assay showed cleavage bands of MSTN in the testis of an aborted founder animal (Wang et al. 2015b) . Here, DNA from biopsied testis of a gene-modified goat (#99) was extracted and subjected to PCR amplification ( Fig. S1a ) and T7E1 cleavage (Fig. S1b) . The results were confirmed by sequencing of the PCR amplicons (Fig. S1c) . Cas9-mediated modification of the testis caused a variety of mutations, indicating that Cas9-mediated genetic modification was successfully integrated into the testes of MSTN-disrupted goats, which in turn endowed germ cells with the capacity to transmit the gene-edit to their offspring. To further examine whether the Cas9-mediated modifications occurred in the germ cells, we next used testes from founder animals for immunostaining analysis, and the existence of germ cells in the testes was supported by immunostaining with the germ-cell-specific marker VASA (Kuramochi-Miyagawa et al. 2010) (Fig. 4a) . Additionally, the germ cells from the testes of two founders (#9 and #70) were biopsied, and single germ cells from each animal were isolated for T7E1 cleavage and PCR sequencing. Using the T7E1 cleavage assay and Sanger sequencing, we extensively analyzed targeted mutagenesis in both germ cells and blood cells. T7E1 cleavage bands of MSTN were observed in germ cells from goat embryos and from blood cells (Fig. 4b,  c) . The sequencing results confirmed that the single germ cell from the testes had the same mutations as blood cells (Fig. 4d) ; for example, 4-bp deletions were found in founder animal #70 in both germ cells and blood cells. In addition, the sequencing data from the offspring of #9 (#9_F1) confirmed the same mutations as found in #9 (Fig. 4e) , indicating that Cas9-mediated target mutations in the founder animals are indeed transmissible to the following generations. 
Discussion
Precise genetic engineering through manipulation of animal genomes using designer nucleases is critically important for accelerated breeding of gene-modified goats as a source of more efficiently produced high-quality fiber and meat as well as for the development of improved biomedical models. Mutations in MSTN enhanced muscle growth, which naturally occurs, as described in cattle (Grobet et al. 1997) , sheep (Clop et al. 2006) , dogs (Mosher et al. 2007) , goats (Zhang et al. 2011) and humans (Schuelke et al. 2004) . These findings inspired us to disrupt the MSTN function in goats by CRISPR/Cas9 to imitate naturally occurring mutants and to investigate whether the disruption would enhance growth performance in goats. Using Cas9-mediated MSTN-knockout goats (Wang et al. 2015b) , we performed morphological and functional analyses at the mRNA and protein levels. We found that Casmediated genetic modifications resulted in increased BW and that this phenotype is capable of transmission for breeding purposes.
Disrupted MSTN was previously shown to cause enhanced muscle mass in sheep (Hu et al. 2013; Crispo et al. 2015; Proudfoot et al. 2015) , cattle (Luo et al. 2014; Proudfoot et al. 2015) and recently in goats (Yu et al. 2016) . We found increased BW using a relatively larger population (10 genemodified animals and 20 WT animals) in a 12-month period, providing reliable data to support that increased BW was a result of genetic modification of animals in their early postnatal stages. In this study, the ADG in mutant goats was 36% higher than that in WT goats (145 vs. 107 g) from D0 to D360, indicating that the growth rate of mutant goats was much higher than that of control goats, which is consistent with the ADG results of MSTN-edited sheep in our recent study (Wang et al. 2016b) . The BW of gene-modified goats is significantly higher than that of several goat breeds in early growth stages, including at birth or weaning (Mahgoub & Lodge 1996; Mohammed & Amin 1997) . Considering that the ADG of MSTN-disrupted goats is higher than that in WT goats in the present study, as well as in other reported goat populations (Kadim et al. 2004; Wang et al. 2011) , a fast growth rate of MSTN-disrupted goats provides a possible solution, for example, to reduce the rearing period for lamb production in goats.
Additionally, we checked the health status of these mutant animals by analyzing blood chemistry parameters (Table 2) , and all mutant animals were alive and in healthy condition at the time this paper was written, providing evidence for the healthy conditions of animals produced by the CRSIPR/Cas9 approach (Blash et al. 2012) . It is well known that a high level of blood creatine kinase is regarded as a diagnostic marker for muscular dystrophy (Zatz et al. 1991) ; we therefore assume that a higher creatine kinase value would be associated with hypertrophy in the edited animals. Unexpectedly, although we detected higher creatine kinase concentrations in the blood of gene-modified goats, no further clinical signs were observed. Considering that phenotypic differences may result from targeted genetic modifications, we subsequently sequenced muscle tissues from live MSTN-disrupted goats 120 days of age. The results demonstrated that genetic modifications were present in all sampled muscles. Along with our previous investigation of genetic modifications in aborted gene-disrupted animals, these findings highlight the potential of CRISPR/Cas9-induced genetic modifications generated in MSTN-knockout goats from both prenatal and postnatal in phenotypes and genotypes.
Furthermore, the staining of VASA in the germ cells, combined with the sequencing results of the gonads and derived germ cells of MSTN knock-out goats, suggest a high efficiency of germline transmission in goats with Cas9-mediated gene mutations, commensurate with prior findings (Chen et al. 2015; Wang et al. 2016a) . The sequencing data from the F1 animal (#9_F1) further confirmed the high fidelity of germline transmission from edited animals (Fig. 4e) .
In summary, we extensively investigated both the phenotypic and genotypic data following Cas9-mediated MSTN disruption in goats, and our study highlighted the efficiency and robustness of CRISPR/Cas9-mediated genome editing in generating animals with enhanced growth. Germline transmission analysis further demonstrated that Cas9-mediated target mutations are transmissible to subsequent generations and will therefore be critically important for breeding applications by targeting multiple genes with strong effects on economically important traits in livestock.
